Coating of bitumen by clays, known as slime coating is detrimental to bitumen recovery from oil sands using the warm slurry extraction process. Sodium hydroxide (caustic) is added to the extraction process to balance many competing processing challenges which include undesirable slime coating. The current research aims at understanding the role of caustic addition in controlling interactions of bitumen with various types of model clays. The interaction potential was studied by quartz crystal microbalance with dissipation monitoring (QCM-D). After confirming the slime coating potential of montmorillonite clays on bitumen in the presence of calcium ions, interaction of kaolinite and illite with bitumen was studied. To make our study more closely related to industrial applications, tailings water from bitumen extraction tests using Denver flotation cell at different caustic additions was used. At caustic dosage up to 0.5 wt.% of oil sands ore, a negligible coating of kaolinite on the bitumen was determined. However, at lower level of caustic addition illite was shown to attach to the bitumen, with the interaction potential decreasing with increasing caustic dosage. Increasing concentration of humic acids as a result of increasing caustic dosage was identified to limit the interaction potential of illite with bitumen.
INTRODUCTION
In 2013 Alberta, Canada produced an average 331.4 thousands (10 3 ) m 3 /d of crude bitumen, of which around 47% was extracted by surface mining 1 and warm slurry extraction process. The water-based extraction process relies on the efficient detachment of bitumen from solids, namely liberation, [2] [3] [4] and the subsequent attachment of bitumen to air bubbles, namely aeration. [5] [6] [7] [8] [9] [10] [11] Collectively the two elemental steps lead to flotation of bitumen to form a froth that is further processed to remove unwanted solids and water prior to upgrading. The quantity of solids recovered in the froth is controlled by carryover (entrainment) and the extent to which bitumen droplets are contaminated by fine particles, commonly referred to as slime coating. Slime coating phenomenon has long been proposed to account for poor bitumen recovery and is often prevalent mechanism for low bitumen recovery and poor froth quality when processing poor oil sands ores. 12 In this case, the clays attach to the surface of the bitumen droplet, forming a layer of clays that impede the attachment of a flotation air bubble to a liberated bitumen droplet, which is considered as one of the major reasons for poor processability of high fines oil sands ores. 13 The attached clays to the bitumen surface can also cause problems in bitumen froth treatment by forming a rag layer. [14] [15] [16] The mechanism for bitumen slime coating has recently been studied in detail by Masliyah et al.
using atomic force microscopy (AFM) and zeta potential distribution measurement. 12, [17] [18] [19] [20] [21] [22] [23] While oil sands ores are a complex mixture of clays including kaolinite, illite, chlorite, montmorillonite, not all the clays cause slime coating. By systematically studying model clays, researchers have shown the detrimental impact of montmorillonite and illite, although to a less extent, on bitumen recovery by slime coating. 18, 21 While the electrical double layer force between the two interacting species (bitumen and clay particles) is important, it is often the case that both surfaces are negatively charged, leading to a repulsive electrostatic interaction.
However, with the addition of divalent cations such as calcium, montmorillonite slime coats strongly on bitumen under the oil sands processing conditions while kaolinite does not. The contrasting behavior for clays of equivalent zeta potentials (kaolinite and montmorillonite at pH's > 8) showed that the clay type and its interaction with calcium play an important role in the slime coating. 18 As proposed by Masliyah et al., 18, 21 calcium ions can act to bridge bitumen and clays, with the level of slime coating being related to the calcium ion -clay binding strength.
The cationic exchange capacity of different clays has been highlighted to account for these differences, with montmorillonite being of a high adsorption density (high charge to surface area) achieved by ion exchange. 18, 24 Using AFM to study the interaction potential between bitumen and clays (montmorillonite and kaolinite) in the presence of calcium, Liu et al. 12 measured a stronger adhesion force (four times greater) between bitumen and montmorillonite than between bitumen and kaolinite. The same technique was applied to study the interactions between bitumen and real mineral fines recovered from good and poor processing ores. Strong attraction and adhesion forces were measured in the case of fines recovered from the poor processing ore, with the strength of interaction being related to the increased hydrophobicity of the fines from the poor processing ore, leading to a greater additional attractive force due to hydrophobic effect. 20 While extensive research has been conducted on kaolinite and montmorillonite, little is known about the slime coating potential of illite, another abundant clay mineral in oil sands ores. Ding et al. 23 considered the effect of increased illite concentration in the slurry on bitumen extraction performance. By varying the illite concentration up to 5 wt.% (based on mass of oil sands) the authors measured a gradual reduction in bitumen recovery from ~96 % to ~80 % at 35 o C and pH 4.9 (naturally buffered condition). At an equivalent pH, slime coating of bitumen by illite was confirmed by zeta potential distribution measurement. In an early study, Masliyah et al. also
observed slime coating of clay as a reason to hinder bitumen-bubble attachment when they studied bitumen-air bubble interaction in the presence of illite particles. 25 From a processing perspective it is highly desirable to minimize slime coating so that the bitumen recovery and bitumen froth quality can be improved. For this purpose industry typically adds process aids to the extraction process to keep the operating temperature low while increasing the bitumen recovery. 26, 27 One of the common process aids is NaOH. Addition of caustic (NaOH) to the process water increases the water pH. In doing so, an optimum in bitumen recovery is often achieved by balancing the contributions from bitumen liberation, coalescence, aeration and slime coating. 3, [28] [29] [30] The objective of the current study is to advance understanding of bitumen slime coating by studying the particle-bitumen interactions using quartz crystal microbalance with dissipation monitoring (QCM-D). Research to date has highlighted the detrimental impact of montmorillonite on bitumen slime coating in the presence of divalent cations. However, slime coating is often encountered when processing oil sands ores that contain very little montmorillonite. Therefore, a systematic study using laboratory extracted tailings water at different caustic loadings is conducted to identify the slime coating potential of more prevalent clays such as kaolinite and illite. The critical role of water chemistry, in particular the Ca 2+ ion concentration, carboxylic surfactant and humic acids concentrations in slime coating will be considered.
MATERIALS AND EXPERIMENTAL METHODS

Minerals
Kaolinite, illite and montmorillonite were obtained from Ward's Natural Science (Rochester, NY). The clay particle sizes were reduced to sub-micron by wet-grinding for 60 hr, with the continual addition of water to compensate its evaporation. The particle sizes of the three minerals after grinding were measured using a Mastersizer 3000 (Malvern Instruments, UK) with the average particle size (d 50 ) measured to be 0.25, 0.14 and 0.29 m for kaolinite, illite and montmorillonite, respectively. Clay suspensions were prepared to 0.1 wt.% in either Milli-Q ® water or tailings water with the pH adjusted to 8.5 (see discussion below on the preparation of tailings water). All particle suspensions were mildly sonicated to disperse particles prior to the QCM-D measurement.
QCM-D measurement principle
Quartz Crystal Microbalance with Dissipation (QCM-D) is a research tool that has been widely used to study solid-solid and solid-liquid interactions. [31] [32] [33] [34] [35] [36] [37] [38] The basic principle of the technique relies on monitoring the resonance frequency and dissipation of a piezoelectric quartz crystal sensor. The Sauerbrey relationship is often used only to approximate the deposited mass, since most systems studied do not satisfy the model criteria of rigid deposits. Frequently, the deposited film may exhibit viscoelastic properties where the frequency is influenced by the mechanical properties of the film, including the shear modules and viscosity. 40 For such systems the deposited mass is not 100% coupled with the oscillatory motion of the crystal. In this case, the apparent mass is better described using both frequency and dissipation responses of the sensor, 41 with dissipation defined as the loss of energy per oscillation period divided by the total energy stored in the system and is given by Eq. 2.
With a substantial change in the sensor dissipation, usually considered to be > 5% of the frequency shift, the apparent mass of the deposited viscoelastic film can be modeled using the Voigt-Voinova equation (Eqs. 3, 4 and 5), 40, 42 by considering the shift in both the sensor (5) where h is the thickness, is the density, is the viscosity, is the shear modulus and is the angular frequency.
Compared with zeta potential distribution measurement, a unique advantage of using QCM-D to study slime coating or particle interactions of non-ideal systems is that it does not have the limitation that the interacting species have to have a significant difference in zeta potential of the interacting species.
Preparation of QCM-D sensor surface
The piezoelectric quartz sensor was first pretreated to prepare a thin bitumen layer on the sensor surface. A 5 MHz AT-cut piezoelectric silica sensor was first cleaned by Ultraviolet (UV)/ozone for 10 min followed by washing in a 2 wt.% sodium dodecyl sulfate (SDS) (99% Sigma Aldrich) solution for 30 min. The sensor was then rinsed with excess Milli-Q ® water and dried with pure nitrogen. Finally, the sensor was once again treated with UV/ozone, then exposed to dichloro- s, 4 drops of the diluted bitumen solution were added drop wise to the spinning sensor, ensuring complete wetting of the surface prior to further drop addition. To form a uniform surface and remove any excess solvent, the sensor was rotated at 4500 rpm for an additional 40 s. Before and after coating, the resonance frequency of the sensor was measured using the E4 QCM-D (QSense AB, Sweden). Combining the two data sets using the "stitch" command in the Q-Tools software (Q-Sense, Sweden), the approximate layer thickness (DDMS + bitumen) was determined to be ~200 nm.
Preparation of tailings water
Tailings water was generated from oil sands extraction studies using Denver cell flotation at 45 o C. 500 g of oil sands ore (composition shown in Table 1 ) was slurried for 5 min at 1500 rpm in 900 g of process water (chemical composition shown in Table 2 ). Caustic (reagent grade NaOH from Fisher Scientific) was added to the process water at concentrations between 0 wt.% and 0.5 wt.% based on the mass of oil sands. After slurrying, 150 mL/min air was introduced into the flotation cell with bitumen froth being continually removed over 10 min. A more detailed description of the flotation procedure is provided by Zhou et al. 43 To remove fine and ultra-fine solids from the tailings water (the water left in the cell after flotation test), the tailings water was centrifuged at 20,000 g for 30 min. The centrifuged samples then underwent vacuum filtration (0.1 m filter) to remove nearly all the solids. 
QCM-D measurement procedure
The frequency and dissipation of the piezoelectric sensor were monitored using a Q-Sense E4
unit. Prior to each measurement, flow modules and tubing were sonicated in 1 wt.% Hellmanex II (Hellma, Germany) solution and subsequently rinsed with excess Milli-Q ® water and dried with nitrogen. To eliminate concern of deposition due to gravity, the E4 unit was inverted such that any deposition is a direct consequence of bitumen slime coating. At high pH it was difficult to maintain a stable bitumen layer, possibly due to the low interfacial tension between bitumen and water, which may cause emulsification of bitumen into the aqueous phase and lead to potentially uneven bitumen-water interface. Therefore, all tailings water was adjusted to pH 8.5.
The experimental variability was measured to be less than 10%.
Analysis of carboxylic surfactant concentration in tailings water
For determination of carboxylic surfactant concentration in tailings water, 50 g of tailings water was acidified to pH 2. prepared using four standard model compounds: dodecanoic acid (98%, Sigma Aldrich), dicyclohexyl acetic acid (99%, Sigma Aldrich), 1-methyl-cyclohexane carboxylic acid (99%, Sigma Aldrich) and trans-4-pentylcyclohexane carboxylic acid (99%, Sigma Aldrich).
RESULTS AND DISCUSSION
QCM-D method evaluation
Frequently, slime coating phenomena have been investigated by zeta potential distribution analysis. 12, [18] [19] [20] [21] [22] [23] The technique has identified specific conditions which promote slime coating of montmorillonite on bitumen and coal in the presence of divalent cations. 18, 46 Therefore, the interaction between montmorillonite, with bitumen in the absence and presence of calcium was Optical microscope and SEM images of the sensor surface were analyzed after completion of the QCM-D experiments to confirm slime coating of montmorillonite clay particles on bitumen immobilized on silica sensor. As shown in Figure 3a , a heterogeneous layer of particles was observed to be deposited on and engulfed within the bitumen layer. At lower resolution ( Figure   3b ) the surface coverage of montmorillonite on bitumen is clearly visible. The particle surface coverage was determined by grayscale image analysis using ImageJ software to be 16% of the total sensor area. Assuming the density of montmorillonite particle as ~2.7 g/cm 3 , 47 and with a sensor area of 1.21 cm 2 , the mass of particles deposited per unit area based on 16% surface coverage is calculated to be 6.67 g/cm 2 . 
Slime coating potential of kaolinite and illite particles in tailings water
Kaolinite: Figure 
48
To the author's knowledge this is the first study that identifies illite as a problematic oil sands clay component that causes slime coating under common processing conditions. The presence of ultra-thin illite (<0.3 m) particles in oil sands ores was shown to decrease the bitumen recovery. 49, 50 Calculating the deposited particle mass by the Voigt model, the deposited mass was determined to be in the range of 0.5 -0.6 g/cm 2 for both the 0 and 0.05 wt.% caustic samples, see Figure 7 .
At high caustic concentrations the degree of slime coating decreased with minimal or no interaction between bitumen and illite particles. It is worth noting that at low caustic concentrations, the deposited mass is an order of magnitude smaller than montmorillonite in the presence of Ca 2+ . To further understand the critical conditions which promote and hinder illite-bitumen interaction, not only is it important to characterize the water chemistry, but one should also consider the effect of water chemistry on the bitumen prior to illite clay particle addition. Laboratory As previously shown in Figures 5 and 6 , switching the fluid from Milli-Q ® water to tailings water in the absence of clay particles results in a frequency shift that is dependent on caustic addition (pH). However, this dependency does not always scale linearly with solution pH as shown in Figure 8 . By increasing the pH of tailings water, the -∆f response of the bitumen coated sensor is shown to increase significantly between 0.05 wt.% NaOH (pH 9.3) and 0.1 wt.% NaOH (pH 10.2), which is not in accordance with an incremental increase in both the pH and carboxylic surfactant concentration. With the sensor frequency response being influenced by adsorbed mass, the non-linear response to caustic addition may indicate the adsorption (inclusion) of an additional soluble species at higher pH (pH >9.3).
On visual inspection of the tailings waters, a noticeable discoloration (browning) was observed with increasing caustic addition as shown in Figure 9 . Analysis of the soluble species by FTIR identified the additional species to be humic acids. The observed extraction/leaching of humic acids into the aqueous phase at high pH is in agreement with previous studies. [52] [53] [54] [55] The release of humic acids in more alkali conditions could account for the observed 'jump' in resonance frequency shift between pH 9.3 and pH 10.2, as a result of humic acids adsorption on bitumencoated silica sensors. It is also interesting to note that the adsorption of humic acids by illite clay was observed by discoloration of the tailings water prepared with 0.5 wt. % NaOH to a less brownish color when illite clay particles were added to the tailings water sample. These simple experiments have confirmed that the role of humic acids in tailings water should not be disregarded and could potentially influence the particle-bitumen interaction. The results presented in Figures 9 and 10 suggest that the 'sharp decrease' in resonance frequency between pH 9.3 and pH 10.2 (shown in Figure 8 ) results from the added contribution of humic acids. 
Effect of water chemistry on illite -bitumen slime coating
Calcium effect
An increase in tailings water pH led to a decrease in the soluble divalent cation concentration as shown in Table 3 . This decrease is mostly due to the precipitation of calcium ions with carbonate ions to form calcium carbonate, or with carboxylate ions to form calcium carboxylate. [56] [57] [58] Previous research has demonstrated the pivotal role of Ca 2+ on slime coating of bitumen by montmorillonite model particles. 18 To determine whether the decrease in Ca 2+ accounts for the observed reduction in illite-bitumen slime coating potential at higher level of caustic addition, 40
ppm calcium was added to 0.1 wt.% NaOH tailings water (critical condition where slime coating of illite diminished). However, the added calcium was also consumed (measured concentration = 3.8 ppm) and the concentration did not increase. The consumption of calcium cations is due to the precipitation of calcium in forms of carbonate, carboxylate or humate. 56, 58, 59 Therefore QCM-D experiments in tailings water were not considered. The role of calcium on illite-bitumen slime coating was studied in 1mM KCl solution at pH 8.5. experiments are comparable and show no response to the introduction of the illite clay particle suspension. Hence, under the current experimental conditions, calcium concentration does not appear to impact the slime coating potential of illite clay particles.
Surfactants and humic acids effect
The effect of surfactants and humic acids on illite-bitumen slime coating was assessed by considering three separate experiments: i) 0 wt.% NaOH tailings water, ii) 0.5 wt.% NaOH tailings water and iii) 0.5 wt.% NaOH tailings water with humic acids extracted. To extract the humic acids a similar procedure was followed to that previously described in Section 2.6.
Briefly, the tailings water was acidified to pH < 2 to precipitate the humic acids. Before removing humic acids, in order to avoid loss of carboxylic surfactants the acidified tailings water sample was extracted by DCM. The DCM was then evaporated and carboxylic surfactants remained in the container. The carboxylic surfactant-free tailing water was then centrifuged to remove precipitated humic acid. The supernatant was collected and the recovered carboxylic surfactants were re-dispersed in it. Surfactant concentration was measured 49.5 × 10 -5 mol/L using DCM extraction and FTIR analysis.
Firstly, the dependence on surfactant concentration can be considered by comparing experiment i) (tailings water obtained with 0 wt.% NaOH) with experiment iii) (tailings water obtained with 0.5 wt.% NaOH addition and humic acids being extracted). As shown in Figure 12 for the low surfactant concentration solution (0 wt.% NaOH tailings water), switching of fluids from background to tailings water results in a small change in both the frequency and dissipation of the sensor, indicative of the low surfactant concentration. With the introduction of illite clay particles the frequency ( f ~ -14Hz) and dissipation responded rapidly to reach a new steady state condition. In the absence of illite particles, the frequency shift in the tailings water of high surfactant concentrations (obtained with 0.5 wt.% NaOH and humic acids being extracted) is greater than that in the tailings water obtained using 0 wt.% NaOH, with the dissipation shift being almost the same. With the addition of illite particles both the frequency ( f ~ -11Hz) and dissipation responses of the sensor support the interaction of illite and bitumen, although the rate of interaction appears slower in the case of higher surfactant concentrations. The change in deposition rate may be influenced by the charge density which is dependent on the surface surfactant concentration. 20 The interaction strength between the clay particles and bitumen is lower as shown by the increase in frequency during tailings water wash.
The role of humic acids was illustrated by comparing the results of the experiments conducted using tailings water with 0.5 wt.% NaOH addition with and without the humic acids being extracted. While the QCM-D test performed using this tailings water without humic acids showed slime coating of bitumen by illite particles, the contrasting results were obtained when conducting the test using the same tailings water without removing the humic acids. Firstly, with the addition of tailings water (no illite particles) the solution containing humic acids results in a greater frequency shift, which is comparable with the earlier observations presented in Figure 10 .
Secondly, the addition of illite particles is shown to have minimal effect on the resonant frequency and dissipation of the sensor. This behaviour is in contrast to the particle deposition obtained in the same tailings water with humic acids being removed. To further assess the critical role of humic acids in determining the interaction between illite particles and bitumen, humic acids extracted from 0.5 wt.% NaOH tailings water were added to 0 wt.% NaOH tailings water. Without humic acids addition an attractive interaction (deposition) between bitumen and illite particles was observed, see Figure 13 . In the presence of humic acids, the switching from background to tailings water once again resulted in a greater frequency shift of the bitumen-coated sensor. Again the frequency and dissipation responses remain insensitive to the addition of illite particles in the tailings water containing humic acid. While both humic acids extraction ( Figure 12 ) and addition ( Figure 13 ) have been considered, the conclusion remains the same where slime coating potential between illite particles and bitumen is diminished in the presence of humic acids. Table 4 summarizes the bitumen-illite interaction (slime coating) at different conditions studied in this work. The reduction in illite-bitumen slime coating with increased humic acids concentration is evident, yet the mechanism for the diminishing effect is non-trivial. With negligible gravity contribution (upturned experimental setup and colloidal particles), the colloidal interaction may be suitably described by the DLVO theory, which considers an attractive van der Waals force and a repulsive electrical double layer force. 60, 61 A general rule of thumb for colloidal stability/instability transition is a surface/Stern potential around 30 mV. For illite clay particles dispersed in 0 wt.% NaOH tailings water without and with humic acids (addition), the particle zeta potentials remained almost unchanged at -35mV, similar to the zeta potential of bitumen that was measured to be -55 mV using a ZETAPALS (Brookhaven Instruments, NY, USA). With negligible dependence on the presence of humic acids and high surface potentials, it appears that classical DLVO theory alone cannot describe the illite-bitumen slime coating behavior. The lack of agreement with DLVO is not unexpected as many other forces (steric and hydrophobic) often influence the interaction potential. 62, 63 To assess the hydrophobic interaction, the wettability of both bitumen and illite clay particles was studied.
Quantitative measurement of the contact angle of fine particles is extremely challenging and often qualitative approaches are considered. In the current study the Water Droplet Penetration Time (WDPT) method was chosen to compare the wettability of illite particles prepared in Milli-Q ® water containing 40 ppm Ca 2+ and 0 wt.% NaOH tailings water without and with 50 ppm humic acids addition. Further details on the WDPT method can be found elsewhere. 64 In the current study, illite clay particles were agitated in each solution for 2 hrs, filtered and dried at wt.% NaOH tailings water containing 50 ppm humic acids does not greatly modify either the wettability or the surface charge of the particles, it does induce steric repulsion between humic acids adsorbed on both bitumen and illite [65] [66] [67] , reducing the deposition activity of illite clay particles which is highly desirable. Further work in this area is needed to further explore the nature of interaction. In the current study QCM-D has been used to measure particle-bitumen slime coating at a fundamental level. By measuring the deposition of montmorillonite clay particles on bitumen in presence of 40 ppm Ca 2+ cations (at pH 8.5), it was found that QCM-D can be used as a suitable technique for monitoring bitumen-clay interactions at different conditions. The research considered the role of water chemistry (divalent ion concentration, carboxylic surfactant concentration and humic acids concentration), that was controlled by caustic addition to flotation tests, on the deposition potential of the two most abundant clays typically found in the oil sands ore; kaolinite and illite. While kaolinite model clay particles used in this work were not observed to deposit on the bitumen coated sensor, illite model clay particles were observed to slime coat when dispersed in 0 wt.% and 0.05 wt.% NaOH tailings water, with the effect diminishing at higher caustic concentrations. With the surfactant being shown to provide favorable conditions for slime coating, the diminishing effect at higher caustic concentrations has been associated with the release of humic acids. Two experiments with humic acids extracted or added to the system provided compelling evidence for the critical role of humic acids in reducing illitebitumen slime coating. The reduction in slime coating was attributed to the wettability change of the bitumen layer and steric hindrance caused by adsorbed humic acids.
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